were used to study apical membrane selectivity to Na' and K+ of cultured toad kidney cells (A6) grown on permeable supports. Membrane selectivity was tested by responses of apical membrane potential to replacement of Na' by K+ or tetraethylammonium and by addition of amiloride to perfusion solutions. The A6 epithelia fell into two groups: those with K'-selective apical membranes, lack of amiloride sensitivity, and near-zero transepithelial potential (group I); and those with Na'-selective apical membranes and a serosa-positive, amiloride-sensitive transepithelial potential (I&+,; group II). The transition from group I to group II behavior appeared definitive and time dependent, occurring -10 days after plating onto filters. Transepithelial measurements under sterile conditions showed that overnight incubation with aldosterone (10m7 M), after development of tight junctions (transepithelial resistance elevated) but before development of significant Vm+, induced the switch from group I to group II behavior. Apical addition of Ba"', a known blocker of K+ channels, unexpectedly reduced transepithelial resistance (R,,,) in group I and group II A6, suggesting that it not only blocked K' channels (when they are present) but may also open a parallel conductive pathway. In summary, after -10 days in culture, apical membranes of A6 epithelia undergo a switch from K+ to Na' selectivity, overnight incubation with aldosterone can trigger this change, and finally, Ba2' may open a paracellular conductive pathway. intracellular microelectrodes; amiloride; epithelial transport; barium; aldosterone THE CULTURED EPITHELIAL cell line, A6, derived from the kidney of the South African clawed toad, Xenopus laevis (lo), has become a useful model for several functions generally attributed to certain so-called "tight epithelia." In particular, when grown on permeable supports and nourished from both sides, these cells form oriented monolayers that develop a transepithelial potential of lo-20 mV or more (serosa positive) and transepithelial resistance in the range of 3-10 x lo3 Q-cm2 (9). Net Na+ flux and short-circuit current &) are equivalent not only under basal conditions (9) but also after stimulation by aldosterone (9) or insulin (1) . Elegant studies using apical membrane vesicles from A6 epithelia prove direct amiloride inhibition of aldosterone-induced Na+ channels (12-G).
Walker et al. (18), in the only report so far using intracellular microelectrodes on A6 epithelia, found that stimulation by insulin reduces apical membrane resistance but causes no apparent change of apical membrane potential ( V,,). In addition to these functional manifestations of oriented transport, A6 cells differentiate into well-developed epithelia, which have intercellular tight junctions and structurally different apical and basolateral cell membranes characteristic of transporting epithelia [e.g., their Na+-K+-adenosinetriphosphatase (ATPase) is only in the basolateral membranes (ll)].
With the assumption that just after plating, the cells are "dedifferentiated,"
it may be possible to use such an epithelial cell line to study the onset of specifically epithelial characteristics such as high transepithelial resistance and different ion selectivity of apical and basolatera1 cell membranes. With this in mind, it is interesting that patch-clamp studies of apical membrane singlechannel conductances of nonconfluent A6 epithelia (6, 8) found highly conductive Cl-channels, whereas patchclamp studies of confluent, transporting A6 epithelia showed amiloride-sensitive, Na+-selective channels (4). Up to now, however, we know of no study in intact, transporting A6 epithelia that characterizes the change of apical selectivity.
In the present study, using intracellular microelectrodes, we show that the apical membrane of A6 epithelia does in fact switch from being K+ selective just after plating (the dedifferentiated state) to being highly Na+ selective some 10 days later when the epithelia develop their transporting ability.
Additionally, using transepithelial measurements under sterile conditions, we show that aldosterone can bring on the change of apical selectivity and that Ba2+ apparently opens a parallel, presumably paracellular, conductive pathway.
Parts of this study were previously reported in abstract form (16). with 5% fetal calf serum and 1% penicillin-streptomycin (GIBCO). They were kept in a humidified incubator at 28°C in 2% COZ. The cells were carried in plastic culture flasks (T-25, Corning).
METHODS
When confluent (with domes), they were detached by rinsing and then standing covered for lo-20 min in Ca-and Mgfree phosphate-buffered saline (PBS) with 1 mM ethyleneglycol-bis(P-aminoethylether)-N,N'-tetraacetic acid (EGTA).
Using this method, no trypsin was necessary. The cells were then plated at -5 x lo5 cmp2 onto collagen-coated, filter-bottomed rings. We used rat tail collagen (RTC) prepared as described below. The four cartilage fibers of a single rat tail were dissected aseptically, minced, placed in 100 ml of 0.1% acetic acid, and stirred for 2 days at 4°C. This mixture was then centrifuged at 1.2 x lo3 g for 30 min. The supernatant was separated into lo-ml aliquots that were kept at -20°C and used one at a time as needed; the current aliquot was kept at 4°C after removal from the freezer.
The cup preparation is described below (see also Ref. 9). Nucleopore filters (2.5cm diameter, 5-pm pores) were attached to one end of polycarbonate rings (2.5 cm OD, 1 cm high) using silicone sealer (CAF 4, PROLABO). Three small "feet" of polycarbonate were attached to each ring using chloroform as glue. This produces a filterbottomed cup, elevated l-2 mm, which allows access of culture medium to both sides of the cell layer. Under sterile conditions, 0.4 ml of neutralized RTC [4.2 ml RTC, 0.6 ml 10X modified Eagle's medium, neutralized with several drops of NaOH (0.33 N) plus NaHC03 (12.5 g/l)] was added to each cup. The collagen layer, which gelled in 15-30 min, was left for 2 h in a humidified incubator at 37°C to avoid later detachment of the collagen layer from the filter. These collagen-coated, filterbottomed cups were then sterilized by covering them with 2.5% gluteraldehyde for 30 min, after which they were rinsed three times with sterile, Ca2+-Mg'+-free PBS and left covered overnight in the hood. The next morning, the cups were placed in six-well dishes and soaked in culture medium for at least 2 h before introduction of the cells.
Culture medium was renewed 15-18 h after plating and every 2 days thereafter.
Electrophysiology
Microelectrode measurements.
For microelectrode experiments, the A6 epithelia (i.e., filters with collagen and cell monolayers)
were removed from their rings and placed in an Ussing-type chamber specially designed to allow access with microelectrodes at shallow angles (5"-10" with respect to the epithelial plane), automatic purge of occasional serosal bubbles (the chamber was set at an angle of 30" from the horizontal), relatively quick change of apical perfusion solution (<2 s for total replacement), and good visibility across a vertical glass window. Microelectrode position was observed with a binocular microscope (Olympus).
The exposed surface area was 0.5 cm2. Edge damage was avoided by using rubber cushions to separate the two chamber halves and silicone grease to seal around both sides of the epithelium. Thus the cells was calculated as F = AVJAV,,. v Ls, nl-+s, and V,, were continuously recorded on a four-channel chart recorder (Linseis, response time <0.5 s) and were displayed on an oscilloscope (Tektronix).
The chamber, solutions, microscope, and micromanipulators were situated inside a grounded Faraday cage that was on a vibration-free table (marble slab supported by inner tubes on sand-filled boxes).
Transepithelial measurements under sterile conditions. As a complement to the intracellular measurements, we also undertook transepithelial measurements under sterile conditions using a chamber similar to that described by Perkins and Handler (9). We measured R,,, V,,,, and I,, of filters under several conditions all on the same day, returned the filters to the incubator overnight in the presence of aldosterone (lop7 M) in the basolateral medium, and repeated the measurements the next day on all filters. In this way, each filter served as its own control for substitutions and for the 18-h effects of aldosterone.
Solutions
Solutions during these experiments were based on phosphate-buffered amphibian Ringer solution (PBR) that contained the following (in mM): Na+ 110, Cl-117.3, K+ 2.5, HPOi-1.2, HzP04 0.3, Ca2+ 1.2, Mg2+ 1.2, and glucose 5. Ion substitutions mentioned below were straightforward.
pH was adjusted to 7.6, the same pH as the culture medium. Solutions were delivered to the perfusion chamber by gravity feed and were siphoned out.
RESULTS

Microelectrode Measurements
The experiments reported here were done on cells from passages 75-85 and, for any given passage, from 6 to 30 days after plating onto the filters.
We found that the epithelia fell into two groups. Group I epithelia were unaffected by amiloride and had high apical K+ conductance (see below) and most often had a V m-s near zero even when R,,, was great enough to suggest well-developed tight junctions. Group II epithelia always had a positive, amiloride-sensitive V,,, and Na+-selective apical membranes. We occasionally left amiloride on long enough to reach a new steady state. In those tissues, V,, decreased 60-lOO%, averaging 8.2 + 1.4 mV and 1.7 rf: 0.4 mV (n = 10) before and after amiloride (5 PM), respectively.
The transition from group I to II behavior occurred -10 days after plating. Table 1 summarizes the data for the two groups under normal conditions, i.e., with control Ringer on both sides of the epithelium. Only the V,, did not differ significantly between the two groups. most) impalement in a group 11, "mature," A6 epithelium.
From the tracing it is clear that all three maneuvers, K+, tetraethylammonium (TEA'), and amiloride, elicited similar hyperpolarization of VaP and increased F. After amiloride, recovery of potential was usually incomplete, as was the case here, although subsequent Na+ replacement by TEA+ still caused a lo-mV hyperpolarization. The transient lm+S responses to Na+ replacement were different for K+ and TEA+. The lm+S response to apical perfusion with high K+ was biphasic: &+ initially increased because of the asymmetry potential associated with different ionic mobilities of K+ and Na+ and then decreased due to decreased tissue conductance. For TEA+, both of these effects were in the same direction, giving the observed monophasic change of &+. Figure 2 shows two typical recordings in a group I epithelium ( Vm+S was near zero and amiloride had no effect, although R,,, = 2,000 ilo cm2). In Fig. 2A , at replacement of apical Na+ by K+, there was a fast depolarization and then the microelectrode came out of the cell. The second impalement, in the same epithelium (Fig. 2B) , shows one of three instances where we were able to return to control perfusate after the depolarization before inevitably losing the impalement. Unfortunately, in the group I epithelia, the smooth K+-induced depolarization (with concomitant fall of F) was generally followed by the microelectrode suddenly "falling out" of the cell, making it impossible to give a reliable value for steady-state VaP under these conditions. The same behavior was noted at introduction of serosal (basolateral) high-K+ solutions in both group I and II epithelia. The most likely explanation for the microelectrodes' "rejection" from group I cells at introduction of high K+ perfusate is an osmotic transient resulting from rapid entry of KC1 (7). Figure 3 illustrates the distinctly different responses of these two groups. In group I epithelia, total replacement of apical Na+ by K+ always resulted in a large depolarization (cell less negative) and a dramatic fall in fractional apical membrane resistance, whereas in group II epithelia, replacement of apical Na+ by either K+ or TEA+ caused hyperpolarization of -10 mV and a significant increase in F, as is customarily seen in tight transporting epithelia such as frog skin or urinary bladder (17) .
Transepithelial Measurements
Transepithelial measurements were done on a series of filters that showed low or zero I&+, (1.6 t 0.3 mV) and I,, (2.3 t 0.2 pA/cm2), but which had developed significant R,,, (2,705 t 608 Q. cm"). After overnight incubation with aldosterone (10S7 M) in the serosal culture medium, the resistance averaged 3,030 t 676 Q l cm2 (difference NS), and both Vm+S and I,, had significantly increased (3.9 t 0.7 mV and 4.7t 0.4 pA/cm2, respectively). In both situations, as an indication of apical cation selectivity, we tested the effect of switching from PBR to a high-K+ solution containing 62.5 mM K+ and 50 mM Na'. As shown in Fig. 4 , this switch had no significant effect on R,,, before aldosterone but increased R,,, after incubation with aldosterone (AR,,, was -257 t 227 and +343 t 73 Qcm', respectively). Finally, we tested the effect of Ba2+ (2 mM) added to the apical bath with either PBR or high-K+ solution (as above). Table 2 shows the percent change of R,,, induced by Ba2+ under these conditions both before and after the overnight aldosterone incubation. Before aldosterone (group I behavior), Ba2+ decreased R,,, when added to apical PBR but had no effect when added to high-K+ solution. After aldosterone (group 11 behavior), it decreased R,,,, in both PBR and high-K+ solutions.
Statistical significance of these changes, shown in Table  2 , was tested using Student's paired t test.
DISCUSSION
These results reveal two distinct types of apical membrane selectivity in A6 cells, as shown by the changes in Vap and F elicited at total replacement of apical Na+ by K+. The large depolarization observed in group I epithelia indicates a high apical conductance to K+, as is the case for basolateral cell membranes of transporting epithelia in general, whereas in group II epithelia, we observed the classic response of tight epithelia such as frog skin and urinary bladder, namely, a striking hyperpolarization and increased fractional apical resistance, indicating very high apical selectivity for Na+ over K+ (see Ref. 17 ). Sariban-Sohraby et al. (13) have reported that they were unable to measure amiloride-sensitive 22Na+ influx in apical membrane vesicles from cultures with no transepithelial potential. This corroborates our findings here.
Transepithelial measurements under sterile conditions showed (Fig. 4) that although partial replacement of apical Na+ by K+ after 18 h of aldosterone increased R m-+s 9 the same replacement before the aldosterone incubation period caused no significant change in Rm-,. This is consistent with the hypothesis that aldosterone induced, overnight, the transition from group I to II behavior, i.e., on substitution of K+ for Na+, one expects an increase of apical membrane resistance (R,,) if that membrane has high selectivity for Na+ over K+ (group II) but not if the membrane is highly selective for K+ over Na+ (group I); these expected modifications of R,, also increase Rm-s if there is little or no effect of the substitution on shunt resistance.
As a further test for the observed apical K+ conductance in group I epithelia, we added Ba2+ (2 mM) to the apical solutions. Since Ba2+ is a well-known blocker of conductive K+ channels, we expected it to have predictably different results on apical potential in group 1 and II epithelia, namely, a depolarization of Vap in group I and little or no change of Vap in group II epithelia. Additionally, Rm-s should increase in group 1 epithelia (due to the blocked apical K+ conductance).
What we in fact observed in preliminary microelectrode experiments was quite different from these expectations. Apical Ba2+ sometimes elicited hyperpolarization and sometimes depolarization of Vap in epithelia of both types, and instead of increasing Rm-s, we saw either a decrease or no change of Rm-s. These unexpected results led us to test the possibility that Ba2+ may have a secondary effect in these tissues, namely a decrease of shunt resistance. Modeling of this possibility [using the model of Fidelman and Mikulecky (Z), we simulated a 5-, lo-, or ZO-fold reduction of apical K+ conductance and 2-, 3-, or &fold increase in shunt permeabilities] shows that if Ba2+ blocked apical K+ channels and opened the shunt pathway, then VaI, may change in either direction, depending on the relative strength of t)hese two effects. Consequently, measurements of Vap do not lead to a straightforward conclusion on this issue.
In light of these preliminary results, we measured the transepithelial effects of Ba2' substitutions to test the These results suggest that apical Ba2+ has not only the expected effect (block of K+ channels) but that it also opens a parallel conductive pathway.
In conclusion, our findings show that development of transport capability in A6 cultured epithelia coincides with changed ion selectivity of the apical cell membrane, which is generally the limiting barrier in transepithelial sodium transport. 
